To produce a level-3 monthly composite image from daily level-2 Sea-viewing Wide Field-ofview Sensor (SeaWiFS) chlorophyll-a concentration data set in the East Sea, we applied four average methods such as the simple average method, the geometric mean method, the maximum likelihood average method, and the weighted averaging method. Prior to performing each averaging method, we classified all pixels into normal pixels and abnormal speckles with anomalously high chlorophyll-a concentrations to eliminate speckles from the following procedure for composite methods. As a result, all composite maps did not contain the erratic effect of speckles. The geometric mean method tended to underestimate chlorophyll-a concentration values all the time as compared with other methods. The weighted averaging method was quite similar to the simple average method, however, it had a tendency to be overestimated at high-value range of chlorophyll-a concentration. Maximum likelihood method was almost similar to the simple average method by demonstrating small variance and high correlation (r=0.9962) of the differences between the two. However, it still had the disadvantage that it was very sensitive in the presence of speckles within a bin. The geometric mean was most significantly deviated from the remaining methods regardless of the magnitude of chlorophyll-a concentration values. Its bias error tended to be large when the standard deviation within a bin increased with less uniformity. It was more biased when data uniformity became small. All the methods exhibited large errors as chlorophyll-a concentration values dominantly scatter in terms of time and space. This study emphasizes the importance of the speckle removal process and proper selection of average methods to reduce composite errors for diverse scientific applications of satellite-derived chlorophyll-a concentration data. Received November 3, 2012; Revised December 8, 2012; Accepted December 10, 2012. Corresponding Author: Kyung-Ae Park (kapark@snu.ac.kr) This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
procedure between the two, the accuracy of satelliteobserved chlorophyll-a concentration, as a measure of phytoplankton levels in the sea water, has been more important (e.g. Jeong and Yoo, 2002; Yoon et al., 2005; Chae and Park, 2009; Kim et al., 2010; Park et al., 2012) . O'Reilly et al. (1998) highlighted that ocean color data conveyed essential information about the global carbon cycle and other biogeochemical processes. Sea-viewing Wide Field-of-view Sensor (SeaWiFS) has become one of the most important ocean color sensors in the observation of global ocean color distribution. It operated from 1998 to 2007 and provided the ocean color community with valuable information to conduct diverse research. It followed the Coastal Zone Color Scanner (CZCS), which operated from 1978 to 1986 (e.g. Hooker et al., 1992; McClain et al., 1995) . Although the Moderate Resolution Imaging Spectroradiometer (MODIS) ocean color sensor has become one of the most important ocean color sensors that is currently in operation, SeaWiFS data has continued to play an important role in establishing long-term time-series ocean color data.
The Distributed Active Archive Center (DAAC) at NASA's Goddard Space Flight Center (GSFC) has produced several types of chlorophyll-a concentration data such as level-2 daily Global Area Coverage (GAC) or Local Area Coverage (LAC) data with spatial resolutions of about 4.5 kilometers and one kilometer respectively, as well as level-3 data. Level-3 data with a resolution of 9 9 km 2 , a statistical product derived from level-2 data, are composited for each period of a given day, 8 days, a month, or a year (Hooker et al., 1992; Campbell et al., 1995) . To generate level-3 data, diverse composite methods such as the simple average, the geometic mean, the maximum likelihood estimation and the weighted average have to date been applied . Chae and Park (2009) and Park et al. (2012) have demonstrated the characteristics of chlorophyll-a concentration distribution and identified errors including speckles with anomalously high chlorophyll-a concentration values in the East Sea (Fig. 1) . They further emphasized the importance of the speckle removal procedure prior to performing research which integrates diverse scientific applications. In general, the East Sea is classified into Case-1 water according to Morel and Prieur (1977) , which is contrast with Case-2 water of the Yellow Sea. Case-1 water is referred to waters whose optical properties are dominated by phytoplankton and their associated degradation products (Gordon and Morel, 1983; Moon et al., 2010) . It is found nearly all open sea situations including both oligotrophic waters and highly productive upwelling regions with dominant phytoplankton blooms. By contrast, Case-2 water applies to coastal waters with lots of particulate material, land-derived yellow substance, river inputs, Korean Journal of Remote Sensing, Vol.28, No.6, 2012 -636- and land drainage such as the Yellow Sea and most of the western coast of Korea (Ahn and Moon, 1998; Ahn, 2000; Suh et al., 2002; Ryu et al., 2007) .
The objectives of this study are to (1) eliminate erratic speckles, (2) apply different average methods in the generation of level-3 gridded monthly chlorophyll-a concentration in the East Sea as Case-1 water, (3) compare results from the different methods, and (4) address and discuss the selection of a proper averaging method by considering regional characteristics of chlorophyll-a concentration data.
Data

1) SeaWiFS
We used an updated version of daily four kilometer level-2 (GAC) data (http://oceancolor.gsfc. 34-52 N, 127-143 E) . The number of daily images used in the composite process amounted to 45 in total. In addition to level-2 data, we have also used a monthly-averaged map of chlorophyll-a concentration data in April 2003, with a spatial resolution of 9 9 km 2 based on Hooker et al. (1992) and Campbell et al. (1995) .
Chlorophyll-a concentration values were estimated by using remote sensing reflectances at visiblewavelength bands (443, 490, 510, and 555 nm) derived from the following equation (1) 
Method
1) Speckle removal process
Previous research illustrated that a lot of speckles were evident in SeaWiFS chlorophyll-a concentration images in the East Sea due to characteristic atmospheric and oceanic conditions, particularly in winter. The number of speckles was relatively small on average, except for winter. However, they were still clearly apparent and may generate serious problems on each composite map. Therefore, the speckles with significant chlorophyll-a concentration errors should be eliminated prior to applying the composite procedure (Hu et al., 2001 First, we removed pixels at shallow coastal regions by excluding data at areas within 10 kilometers of the coast. Then, the pixels at shallow regions with a water depth of less than 100 meters were discarded in the speckle removal process, as denoted respectively in the blue and yellow lines in Fig. 1 .
We then considered the spatial uniformity of chlorophyll-a concentrations within a 5 5 window (~0.2˚ 0.2˚) to consider the seasonal difference of absolute chlorophyll-a concentration values by applying normalization procedures. We then considered some criteria for chlorophyll-a concentration fronts.
Detailed procedures for the speckle removal process were presented in Park et al. (2012) . 
1) Simple average method
where X i is an individual chlorophyll-a concentration value and n is the total number of time series data at a given pixel within a given period on average.
3) Geometric mean
Previous literature has reported that chlorophyll-a concentration values undergoing oceanic biological processes tended to be log-normally distributed from both satellite data and oceanic in-situ measurements (e.g. Aitchison and Brown, 1957; Campbell et al., 1995; Crow and Shimizu, 1988) . For this reason most research has displayed chlorophyll-a concentration images in a logarithmic scale rather than in a usual normal scale, unlike other oceanic variables.
We can take an average of the logarithmic-scale to estimate the geometric average ( _ X geom ) as follows:
where ln represents the natural log. Firstly, it converts normal chlorophyll-a concentration values to logarithmic-scale values. We then took the simple linear average such as (2), and returned it to an original scale by applying the exponential function. In Sensing, Vol.28, No.6, 2012 -638- 
Method Simple Average Geometric Mean Maximum Likelihood Weighted average Estimation short, the practice of transforming data first, computing the mean of log-transformed data and then estimating the mean of X gives the geometric mean.
4) Maximum likelihood estimate
When data variances are large and sample sizes are small, the maximum likelihood estimation (MLE) of the mean of a log-normal distribution can perform better than the previous two methods (Baker and Gibson, 1987) . The MLE is obtained from the following equation:
where m is the sample mean of ln(X) and s 2 is the sample variance.
5) Weighted average method
When the size of a bin on average is bigger than that of a pixel, each set of spatial pixels within a bin can have on n i observations from the same orbital pass. For each set of data with N observations with respect to a time t i (i = 1, , N), a weighted mean _ X weighted and variance s 2 of the data over observation x ij can be estimated as follows :
where the sum of the weights W is
and j refers to the jth observation at time t i (i = 1, , N, and j = 1, , n i ). Recall that observation value x ij = ln(X ij ) (Campbell et al., 1995) . Table 1 summarized the four average methods as mentioned previously.
6) Chlorophyll-a concentration front
In order to remove speckle pixels in the frontal region, we used chlorophyll-a concentration frontal values. The frontal magnitude F was obtained from the magnitude of two-dimensional gradient vector of chlorophyll-a concentration at each grid point: The maximum number of good data within a 9 9 km 2 grid for the month amounted to 15 Fig. 3(a) . This is inferred to be related to specific cloud distributions.
Results
1) Characteristics of daily observations
We expect that the observation frequency can affect the accuracy and quality of composited Although there were 45 images for the month, many pixels in the composite map did not have any values due to the lack of satellite observations. By contrast,
there was a pixel with many measurements of about 15 within a month, which can estimate average field with more stability than other neighboring pixels with quite a few measurements.
Chlorophyll-a concentration values are liable to be estimated depending on the spatial and temporal capability of data sampling by different satellite Korean Journal of Remote Sensing, Vol.28, No.6, 2012 -640- 
2) Removal of speckles
Since speckles with extremely high chlorophyll-a concentration values give rise to significant errors in the composite map, we removed problematic pixels based on the method developed by Park et al. (2012) .
After applying the speckle removal scheme, we estimated the average field by using simple average method to see the effect of the speckle. Fig. 4 shows the enlarged portion of a small area (135-138˚E, 42-
Comparison of Composite Methods of Satellite Chlorophyll-a Concentration Data in the East Sea
-641- -642- neighboring pixel values. When we compared the two images in Fig. 4 , neighboring non-speckle values seemed to be properly preserved even after the speckle removal process.
3) Composite maps by different methods
The composite maps in Fig. 5 were generated by the four methods as summarized in Table 1 
4) Difference between composited maps
For more quantitative comparisons between the methods, we made six-pair scatter plots between the two methods out of the four methods in Fig. 6 .
Overall, the two methods showed good agreement regardless of the methods. However, detailed scrutinization revealed characteristic differences among the methods. 6d, and 6e). Similar trends were found in cases of the MLE and the weighted average in Fig. 6 (d) and 6(e).
The geometric mean was most scattered as compared with the weighted average (Fig. 6e) . The MLE average showed good agreement with the simple average with less scatters of the points (Fig. 6b) . The correlation coefficient between the two (MLE and simple average) was highest by 0.9962 (Table 2) .
This was similar to other cases such as the weighted average versus the simple average (r=0.9876) and the weighted average versus the MLE (r=0.9885). Table 2 . Fig. 7 shows the histograms of differences between four composite maps for six cases of comparisons.
The first plot (Fig. 7a) Vol.28, No.6, 2012 -644- Fig. 7 . Histograms of differences of chlorophyll-a concentration values in the composite maps: between the simple average and (a) the MLE, (b) the geometric mean, (c) the weighted average, respectively, and between (d) the MLE and the geometric mean, (e) the MLE and the weighted average, and (f) the geometric mean and the weighted average.
the MLE were comparatively well coincident although there a fewer high scatters at high chlorophyll-a concentration range greater than 0.5 at a log scale as shown in Fig. 6(f) . Since it was plotted in the logarithmic scale, the two averages will be the same if the ratio is zero. A positive (negative) value implies that the average is lower (higher) than the weighted average.
Most of the spatial grids in the entire study region showed a difference near 0 except for negative values near the Russian coast (Fig. 8a) . This implies that chlorophyll-a concentration composite values by the simple average method tended to be underestimated in the Russian coastal regions as compared with the weighted mean. By contrast, the geometric mean revealed highly negative values (Fig. 8b) 
5) Effects of data uniformity on composite
Comparison of Composite Methods of Satellite Chlorophyll-a Concentration Data in the East Sea -645- 
maps
If there is small variance of the data set within a bin with a given spatial and temporal window, the resulting average will be estimated to be comparatively stable. However, in some cases when a gird point is located at the frontal region with a high spatial gradient or with a high temporal variability due to short-period bloom of phytoplankton, the average value is not likely to be used as a representative average. It depends on data sampling capabilities. To investigate this effect from the spatiotemporal uniformity, we estimated a standard deviation value within each bin for a monthly composite map. -646- of less than 0.5 as shown in Fig. 9 (c) and 9(f).
However, it appeared to be large as standard deviation reached high values. This tendency could be applicable to other comparisons with the geometric mean (Fig. 9e ). If a speckle is present in a bin for averaging, it will seriously affect the final average value. To avoid this, some criteria should screen the data for lower quality.
We tested the effect of speckles on the averages by applying the four methods, which are listed in Table   3 . At three arbitrarily selected positions of speckles in the East Sea, amounting to about 10 mg/m 3 , we applied the four methods to estimate average values.
There were also large differences in the original averages between the four methods. However, it was greatly reduced from 1.4 to 5.2 mg/m 3 depending on the methods after the application of the speckle removal scheme. Table 3 demonstrates that the effect of speckle removal was the most dominant in the weighted average. For example, for speckle A, the original weighted average of 8.75 was improved by about 83% after the speckle removal process.
However, it was comparatively better than the MLE after the removal of speckles. The MLE method is known to be the most sensitive in the presence of speckles or in the frontal zone. Table 3 shows the impact of speckles on the MLE methods, which 
6) Effects of data sampling capabilities
As shown in Fig. 2 and 3(a) , each pixel of the monthly composite maps for April 2003 has a different number of satellite observations from zero to 15. This sampling capability may affect the accuracy of the composited value. Because of the longer period and large cloud coverage, the discrepancy between the averaging methods will be increased as each chlorophyll-a concentration value has more sparse temporal intervals. To examine the contribution of data sampling frequency for a month, we plotted the differences between the two average methods as a function of data frequency in Fig. 10 .
While we expected that the differences would be reduced in proportion to data number frequency within a bin, it tended to increase as data number frequency increased. Even except for the geometric mean with large errors, all the other methods showed the same increasing trend. One possible explanation for this is that there were only a few pixels with a measurement frequency of greater than 10 within a month. This study did not support our hypothesis on data sampling capabilities because of fewer sampling numbers and the specific high cloud coverage of the East Sea.
Summary and Conclusion
Both SeaWiFS level-2 daily data and level-3 gridded chlorophyll-a concentration data have been Korean Journal of Remote Sensing, Vol.28, No.6, 2012 -648- problems, and many other sources (Park et al., 2012) .
Even after standard data reprocessing was performed several times, the speckles still remained (Patt et al., 2003) . Thus, we classified chlorophyll speckles with anomalously high chlorophyll-a concentrations from normal pixels and eliminated these from the subsequent composite procedure prior to performing each average method. In light of this, for the time being, it might be more appropriate to use the simple averaging method or the weighted averaging method in the composite process using chlorophyll-a concentration data in the East Sea rather than other methods. However, the speckles should be eliminated prior to using the weighted mean method. Based on additional information about biological processes and intensive in-situ measurements being collocated with satellite data, more robust methodology optimized to the East Sea should be investigated by incorporating the chlorophyll-a concentration variability into the level-3 composite map.
